Sintering of nanomaterials at low temperatures has been demonstrated as an alternative for flexible electronic packaging. Silver nanowires were synthesized via polyol method and used as filler material for bonding copper to copper near room temperature. The experimental results indicated that both silver-to-silver and copper-to-silver formed metallurgical bonds. The elastic modulus and nano-hardness of copper joints at the copper-silver interface were characterized using nanoindentation. A transition layer at the interface was observed and its thickness was determined. Sintered silver filler material showed good elasticity both inside and out of the transition layer.
Introduction
The interconnection of components with metallurgical bonds is a key requirement for micro/nano-electronic devices since conductive joints are needed in transistors, 13) sensors, 4, 5) solar cells 6, 7) and display units. 810) Commonly used lead-free soldering processes reach 200 to 300°C to obtain conductive joints, 11, 12) which severely restricts joining for heat-sensitive components in flexible electronic devices. 13, 14) After a decade of efforts, low temperature interconnection processes using metallic nanoparticle paste through thermal sintering have been demonstrated with different metal nanoparticles, 1517) and appears to be a promising alternative for lead-free electronic packaging and flexible electronic interconnections.
1821) Such sintered metal nanoparticles have good electrical/thermal conductivities which could benefit the electrical/thermal properties of joints for electronics. Recently, silver nanowire (Ag NW) paste was also used as filler material to bond Copper (Cu) onto Cu or plastic substrates at room temperature. 22) Most recent studies regarding the mechanical properties of joints bonded with nanomaterials have been focused on the macro and/or micro scale and have explored variables such as bonding strength and fatigue properties of joints. To improve the bonding strength, many researchers have varied the bonding parameters (temperature, time, pressure) or size, shape and composition of the nanomaterials used. However, few have paid attention to near room temperature bonding processes and the nano-mechanical properties of the joints especially at the bonding interface to understand the underlying mechanisms. Usually, the inter-diffusion of atoms at the interface after solid-state bonding at high temperature can form a thick transition layer because the diffusion rate is fast leading to a long diffusion length, producing layers that are easy to characterize by examining the phases using microscopy and the hardness through micro-hardness testing at the interface. In the case of low temperature bonding with nanomaterials, examination might be more difficult due to the very thin transition layer in consequence of the moderate diffusion and restricted diffusion length. Therefore, the mechanical properties of the bonded interface formed at low temperature are seldom reported. In this paper, nanoindentation was used to characterize the nano-mechanical properties of Cu joints bonded with Ag nanowire paste at the Cu-Ag interface. The elastic modulus and nano-hardness of the transition layer formed at low temperature were measured.
Experimental Procedure
All the chemicals and reagents were of analytical grade and used in the as received form without any purification. Ag NWs were synthesised using the modified polyol method. 16, 2224) Typically, 330 mg polyvinylpyrrolidone or PVP ((C 6 H 9 NO) n , K25, M.W. = 24000, Alfa Aesar) and 12.5 mg silver chloride (AgCl, Alfa Aesar) were mixed with 40 mL ethylene glycol (EG, Fisher Chemical) in a round-bottom flask. The mixture was heated to between 160 and 170°C. Then, 110 mg silver nitrate was dissolved in 10 mL ethylene glycol liquid and added into the mixed solution while stirring vigorously and continuing the reaction conditions for 4 h. The Ag NWs were condensed by centrifugation at 4000 rpm using a 50 mL centrifuge pipe. The clean supernatants were removed from the centrifuge pipes using a pipette resulting in highly concentrated Ag NW pastes.
A field-emission scanning electron microscope (FE-SEM, Zeiss LEO 1530 Gemini, Germany) was used to study the microstructure of interfaces and fracture surfaces of bonded samples. An oscillating knife (DIATOM, Ultrasonic) in ultramicrotome was used to section the interfaces of lowtemperature bonded samples produced with Ag nanopaste. Thin slices of 100 nm thickness were observed using high resolution transmission electron microscopy (HRTEM, JEOL 2010F).
The joints were made by pre-assembling pairs of separated Cu plates (99.9% purity, Arcor Electronics, Northbrook, IL) with a gap (³ 1 mm) between them. Ag nanopaste was then filled into the gap in a drop-wise manner to bond them by baking at 60°C for 1 h in air. The cross sections of bonded samples were mounted using epoxy resin and polished with 0.25 µm diamond paste to get a flat Cu-Ag interface. It is worth noting that the work-hardened layer created by mechanical polishing in this comparative study of mechanical properties of Cu and Ag surfaces finished under the same saturation could be negligible. The mechanical properties of the Cu-Ag interfaces were tested with a depth-sensing nanoindenter (Hysitron Triboindenter) equipped with a Berkovich tip. The tip was calibrated on fused silica. Indentations were performed on the mechanically polished flat surfaces in a load controlled mode. All nanoindentation experiments were performed using a constant loading rate of 60 µN/s, with loads of 600 µN.
Results and Discussion
The as-synthesized Ag nanopaste was in greyish color, as shown in Fig. 1(a) . We have demonstrated that the organic content in the paste could be removed simply by washing with deionized water. After three washing cycles, the organic content was only 0.4 mass% 22) and would not be further reduced significantly with increasing washing cycles. Ag nanopaste washed three times was used in this research. The SEM examination showed that Ag NWs had a length of about 20 µm and thickness around 90 nm, see Fig. 1 
(b). This
Ag nanopaste could bond Cu with different substrates (such as Cu plate, Ag or Au coated plastics or even ITO-PET 22) ) at room temperature. Here, two Cu plates were bonded at 60°C as shown in Fig. 1(c) .
The bonded Cu-Ag interface was sliced with an oscillating knife in an ultramicrotome and observed under TEM. The Ag filler material was porous because no external pressure was employed during bonding (or sintering) of the Ag nanopaste, see Fig. 2(a) . As shown in Fig. 2 (b) neighbouring NW were interconnected at atomic level. Ag NWs were also bonded onto Cu substrate surface, see Fig. 2(c) ; meanwhile, some amorphous nanoparticles were observed very near to the Cu substrate as well as on the adjacent NWs as arrows indicated. These nanoparticles were confirmed as CuO when waterbased Ag NW (PVP coated) paste was used. 22, 25) It is also worth mentioning that CuO nanoparticles existing at the interface could act as a co-bonding material which would be reduced when the bonding temperature increased and be changed into pure Cu if the bonding temperature was raised to 150°C. Consequently, these metallurgical bonds among Ag-to-Ag and Cu-to-Ag contribute to the good mechanical and electrical properties of joints bonded near room temperature as reported in our previous work. 22) To characterize the mechanical properties of Cu-Ag interfaces formed at low temperature, a bonded sample was mechanically polished followed by nanoindention testing across the interface from Cu to Ag side. Figure 3(a) shows the polished surface with an around 10 µm transition layer. The transition layer has also been observed at Cu-Ag interface formed at 150°C when Ag nanoparticle paste has been used. 16) High magnification image (Fig. 3(b) ) clearly displays that Cu and Ag has been bonded tightly except for a few voids along the interface. These voids (highlighted in cycle) were formed during the bonding process due to the incomplete wettability of water-based Ag nanopaste on the Cu surface. A thin dark layer with thickness of around 5 µm was seen on the Ag side as pointed out by solid arrows which might indicate the presence of CuO nanoparticles near to the Cu surface as mentioned above. The nanoindentation testing was conducted from Cu to Ag side as indicated by the dashed arrow in Fig. 3(b) .
Measured elastic modulus, E, was obtained from the recorded reduced modulus, E r , in nanoindentation according to the Oliver and Pharr method 2628) using eq. (1),
where,¯is the Poisson's ratio of silver (¯= 0.37); 2931)¯i refers to the Poisson's ratio of the indenter, here it is diamond (¯i = 0.07); E i is modulus of indenter (E i = 1141 GPa). 26, 28, 32) In Fig. 4(a) , it is found that the modulus stays at around 140 GPa when position x is 014 µm and then decreases dramatically when x is larger than 14 µm. The sintered porous Ag filler material away from Cu surface has modulus of 13 GPa. This low elastic modulus of sintered porous Ag filler material is very close to the modulus of 8 GPa for polyimide based substrates 33) and 11 GPa for PET/glass fiber substrates. 34) The relative density could be calculated using measured modulus according to the relation of µ/µ bulk = (E/E bulk ) 1/2 . 35) Here, the measured modulus of bulk polycrystalline Ag (assuming 100% dense) was 95.1 « 4.4 GPa. Therefore, the porosity of sintered porous Ag filler material was around 62%. The high porosity was due to the low bonding temperature without external bonding pressure. The high porosity and the close elastic modulus between the Ag porous filler material and widely used flexible substrates make them mechanically compatible during deformation. This matching will help to relieve the thermomechanical stress by taking advantage of the porous structure 36) in practical applications. The nano-hardness profile is plotted in Fig. 4(b) . Cu substrate had a measured nano-hardness of 3 GPa. It increased while the testing entered into the transition layer at the Cu-Ag interface. The maximum value was 4.7 GPa (when position x was 12 µm) which is in agreement with the hardness of Cu-Ag nanocomposite film when Cu concentration is close to 80 at%. 37) Then, the nanohardness dropped moving toward the Ag side. Starting from a position x of 18 µm, it remained around 1.8 GPa suggesting the ending of the transition layer.
Considering both the modulus and nano-hardness results in Fig. 4 , it could be speculated that the Cu-to-Ag transition occurred at around position x = 14 µm (as the dark dash line indicated) because of the significant drop of modulus attributed to the porous structure of Ag filler material. The thickness of transition layer was about 12 µm (the boundaries are indicated with gray dash-dot lines). The maximum nanohardness in the transition layer may be due to the Cu-Ag solid solution (ss) because a large amount of Ag atoms diffused into the Cu lattice. However, the Cu atoms were not able to diffuse far into the Ag because of the limited diffusion paths on the Ag side caused by the porous structure. Further, the diffusion coefficient of Cu is lower than that of Ag.
38) The high nano-hardness of Ag near the Cu surface is attributed to the presence of CuO nanoparticles. With the amount of CuO in Ag reducing with increased distance away from the Cu surface, the nano-hardness decreases as well and remains stable eventually when no CuO nanoparticles exist in the Ag filler material. Figure 5 shows the load-depth curves during nanoindentation in the transition layer. It was found that the shapes of curves for the Cu side (position x = 8 and 12 µm in Fig. 4 ) were similar. They had similar elastic regions as the dashed circle highlighted during loading and similar slopes of unloading. The test closer to the Ag side (when position x = 12 µm) had a smaller maximum depth at peak load of 600 µN and smaller indentation depth after unloading than that of the one farther from the Ag (when position x = 8 µm). This is a sensible result because more Ag atoms in the Cu would restrain the slip and dislocation movement in crystals during deformation. This solid solution strengthening caused the increase of nano-hardness as discussed in Fig. 4(b) . However, the curve of the Ag side (when position x = 16 µm) displayed a very different shape which also confirms that it belongs to a different material. Although this curve had the largest maximum depth of 69 nm when the load was 600 µN, it had fairly close indentation depth after unloading with the Cu-Ag solid solution at x = 12 µm, suggesting it has good elasticity.
Comparing the nanoindentation load-depth curves of the Cu substrate and the sintered Ag filler material out of the transition layer, the maximum depth of Ag filler material was 108 nm with a load of 600 µN which was twice that of bulk Cu's 53 nm although their the indentation depths after unloading were the same, see Fig. 6(a) . Therefore, a large fraction of the deformation of Ag filler material was elastic deformation rather than plastic. It is worth mentioning that the maximum indentation depth of Ag filler material out of the transition layer is larger (69 nm as shown in Fig. 5) than that of the Ag in the transition layer, which is attributed to the presence in the latter of CuO nanoparticles which act as a high hardness reinforcing material. Bulk Ag has a similar curve as bulk Cu but with larger plastic deformation. Figure 6(b) is the enlarged plots of the initial stages of the loading curves. It clearly shows that the elastic regions of the bulk Cu and Ag were fairly small (ended at around depth of 10 nm) while the Ag filler's elastic region was delayed to around 37 nm. This also confirmed the good elasticity of Ag filler material as mentioned above. Both this long elastic region and the largest maximum depth during loading suggest that Ag filler material could store and absorb more strain energy compared with bulk Cu and Ag because of its porous structure after bonding as shown in Fig. 6(c) . Consequently, by varying the porous structure of this Ag material, it could be used on different substrates for flexible electronics. 39) 
Conclusions
In summary, the microstructure and nano-mechanical properties of Cu joints bonded with Ag nanopaste at low temperature were studied. The results showed that Ag nanopaste could be used as filler material for Cu to Cu bonding at 60°C near room temperature without external bonding pressure. Both Ag-Ag and Cu-Ag formed metallurgical bonds. The Ag filler material after bonding was porous with high porosity of 62% and low elastic modulus of 13 GPa. The high porosity could help to relieve the thermomechanical stress of bonded joints during service. The low modulus would also benefit the flexible electronics during deformation due to its compatible mechanical properties with widely used plastic substrates. A thin transition layer with a thickness of 12 µm at Cu-Ag interface was determined and its maximum nano-hardness was 4.7 GPa. The nanohardness of the transition layer exceeded the nano-hardness values for Cu substrate and sintered Ag filler material. At the interface, the high nano-hardness on the Cu side was due to solution hardening in consequence of the diffusion of Ag atoms into Cu, while the presence of CuO nanoparticles on the Ag side contributed to enhancement of its nano-hardness. In the transition layer, diffusion of Ag into Cu and the existence of CuO in the Ag filler material restrained their plastic deformation, respectively. Out of the transition layer, Ag filler material showed large elasticity during deformation because of the porous structure which could absorb more strain energy and ultimately benefit flexible electronics.
